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Effects of hypertonic stress on transforming growth factor-b activity in
normal rat kidney cells. Hypertonicity is known to modulate the expres-
sion of some genes and the action of several cytokines. We evaluated
whether hypertonicity would increase the expression and/or activity of
transforming growth factor-b (TGF-b) in normal rat kidney (NRK) cells.
The bioassay for TGF-b showed that mature TGF-b activity was signifi-
cantly increased when the cells were cultured in a hypertonic medium (500
mOsm/kg). Comparing to the isotonic medium, hypertonicity accelerated
the increase in TGF-b activity during the initial 24 hours after changing
the medium. The activity was increased as the medium osmolality
increased from 300 to 500 mOsm/kg. Raffinose was found to be the most
effective in increasing TGF-b activity. NaCl, glucose, and mannitol also
increased TGF-b activity. In contrast, total TGF-b (mature and latent)
activity and TGF-b mRNA abundance did not change significantly,
suggesting that hypertonicity activated TGF-b without affecting the
synthesis of TGF-b. To determine whether collagen synthesis was in-
creased by hypertonicity, we examined [3H] proline incorporation into
NRK cells cultured in hypertonic medium. Proline incorporation in-
creased in an osmolality-dependent manner. Raffinose was also the most
effective solute at increasing the proline incorporation. Furthermore,
anti-TGF-b antibody prevented the increase in proline incorporation
induced by hypertonicity. These results suggest that hypertonicity pro-
motes the processing of latent TGF-b to the biologically active form,
resulting in the stimulation of collagen synthesis in NRK cells.
The cellular response to hypertonicity has been studied in
several mammalian cells, including the renal medullary cells
[reviewed in 1, 2]. Incubating the cultured cells in hypertonic
medium leads to rapid changes in structural and functional
parameters such as cell size, shape and macromolecular synthesis
and the permeability properties of the cell membrane. Hyperto-
nicity has been shown to increase the expression of several genes.
These include the genes involved with osmolyte accumulation,
such as aldose reductase [3] and transporters for myo-inositol [4]
and betaine [5], as well as immediate early genes in the kidney [1].
There is some evidence that hypertonicity modulates the actions
of autacoids and cytokines [6–11]. For example, tissue plasmino-
gen activator expression is induced by hypertonicity [6] as well as
by other mechanical stresses such as shear and stretch [12, 13].
Despite extensive studies on the physiological effects of hyperto-
nicity in cultured cells, little information is available on the
pathophysiological role of hypertonic stress.
Transforming growth factor-b (TGF-b) regulates biological
processes such as cell proliferation, differentiation, and immuno-
logical reactions [14]. Acceleration of tissue healing is another
important function of TGF-b, which accumulates extracellular
matrix (ECM) by increasing the synthesis of ECM components
and suppressing the degradation of ECM. However, overproduc-
tion of TGF-b leads to tissue fibrosis as a result of accumulating
ECM. TGF-b is linked to the development and progression of
sclerosis in numerous models of glomerular disease [15–20]. The
overproduction of TGF-b is also thought to be one of major
causes of renal interstitial fibrosis [21]. TGF-b is regulated by
mechanical stresses such as shear [22] and stretch [23, 24] in
cultured cells. In view of the results with tissue plasminogen
activator, we postulated that hypertonic stress might induce the
expression and/or activity of TGF-b. If this is true, hypertonic
stress might be involved in the pathogenesis of tubulointerstitial
injury, since the cells of the renal medulla are continuously
exposed to hypertonic stress.
The purpose of this study is to determine whether hypertonic
stress would increase the expression and/or activity of TGF-b and,
as a result, increase the extracellular matrix formation.
METHODS
Cell culture
Normal rat kidney (NRK) cells, a fibroblast cell line derived
from rat kidney, were a generous gift from the Japanese Cancer
Research Resources Bank. Cells were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM; Sigma, St. Louis, MO, USA)
supplemented with 10% fetal calf serum (FCS) equilibrated with
5% CO2-95% air at 37°C. The cells at passages 34 to 39 were used
in the following experiments. For Northern blot analysis, we used
cells grown to 80% confluence in 100 mm dishes. For the proline
incorporation study, we used cells seeded at 5 3 104 cells/well in
96-well plate. The cells were made quiescent by incubation for 24
hours in DMEM with 0.5% FCS. Then, some cells were switched
to a medium made hypertonic (500 mOsm/kg) by the addition of
NaCl, raffinose, glucose or mannitol, while others were main-
tained in isotonic (300 mOsm/kg) medium. The isotonic and
hypertonic media used in the final step were supplemented with
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2% FCS. The addition of 2% FCS was required for the cells to
tolerate the hypertonic environment.
Normal rat kidney cells were tolerant of the acute increases in
osmolality up to 500 mOsm/kg. No significant morphological
changes were observed in the cells bathed in the hypertonic (500
mOsm/kg) medium. There were no significant differences in the
cell number or in the protein content between the isotonic and
hypertonic cells for at least 48 hours after the switch. At osmola-
lities exceeding 600 mOsm/kg, however, the cells began to round
up and detach within 24 hours.
Assay of transforming growth factor-b activity
TGF-b activity in the culture medium was measured by a
bioassay based on the observation that TGF-b sensitively inhibits
the growth of mink lung epithelial cells [25]. Briefly, mink lung
epithelial cells (American Type Culture Collection, Rockville,
MD, USA) were plated onto 96-well plates at 5 3 104 cells/well
and cultured in DMEM with 10% FCS for 24 hours. The mink
lung cells were made quiescent by incubation for 24 hours in
DMEM containing 1% FCS. Samples taken from the culture
medium of isotonic and hypertonic NRK cells were added to the
mink lung epithelial cell medium. To exclude the effect of
hypertonicity on mink lung epithelial cells, the hypertonic samples
were made isotonic by diluting with water before adding the cells.
The isotonic samples were diluted with the same amount of
phosphate buffered saline to equalize the medium concentration
to that of hypertonic samples while maintaining osmolality to be
isotonic. To avoid the interference by sodium or organic solutes
such as raffinose contained in the sample, standard curves were
drawn for each solute by using human TGF-b1 (R&D Systems,
Minneapolis, MN, USA) and TGF-b activities were determined.
The mink lung epithelial cells were cultured for another 24 hours,
pulsed for the final four hours with [3H] thymidine (1 mCi/well),
and harvested on glass-fiber filters with a cell harvester (Wallac,
Turku, Finland). Radioactivity was measured by a scintillation
counter. For measurement of total TGF-b activity, latent TGF-b
was activated by heating at 80°C for 10 minutes. The specificity of
the assay was confirmed by the observation that growth-inhibitory
effect of TGF-b in mink lung epithelial cells was blocked by
anti-panspecific TGF-b neutralizing antibody (rabbit IgG frac-
tion; R&D Systems), but not by normal rabbit IgG (data not
shown).
Northern blot analysis
A partial cDNA of TGF-b1 was cloned according to the
published sequences [26] using polymerase chain reaction (PCR)
amplification. Sequencing of the double stranded DNA was done
using fluorescence labeled M13 forward or M13 reverse primers
on an automated sequencer (Applied Biosystems Inc., Foster City,
CA, USA) to confirm the sequences of the PCR products. The
TGF-b1 cDNA was labeled by random priming (rediprimey;
Amersham, UK) using [a-32P] dCTP (3000 Ci/mmol; Amersham).
Total RNA was isolated from NRK cells cultured in 100-mm
dishes by acid-guanidium thiocyanate-phenol-chloroform extrac-
tion (Trizol reagentTM; Life Technologies, Gaithersburg, MD,
USA). Hybridization was performed as described previously [27].
In brief, aliquots of total RNA (20 mg) were separated on a 1%
agarose formaldehyde gel and transferred to nylon membrane
(Hybond-NTM; Amersham) by capillary elution. Using 32P-la-
beled probes, hybridization was carried out at 42°C overnight in
50% formamide, 5 3 SSC, 0.1% SDS, 0.5 M sodium phosphate
buffer, 5 3 Denhardt’s solution and 100 mg/ml salmon sperm
DNA. The membrane was washed with 1 3 SSC/0.1% SDS at
Fig. 1. Time course of transforming growth factor-b (TGF-b) activity in
the culture medium of normal rat kidney (NRK) cells. TGF-b activity in
culture medium of NRK cells was measured by bioassay using mink lung
epithelial cells. NRK cells were cultured in an isotonic medium (c) or in
a medium made hypertonic (500 mOsm/kg) by the addition of NaCl (n),
and samples were taken from the culture medium at the indicated time.
Data are shown as mean 6 SD of 4 independent experiments. *P , 0.01
versus isotonic medium.
Fig. 2. Osmolality-dependency in hypertonicity-induced transforming
growth factor-b (TGF-b) activity. Normal rat kidney (NRK) cells were
cultured for 12 hours after switching to a different osmolality. The
medium osmolality ranged from 300 to 500 mOsm/kg, which were made by
the addition of 0 to 200 mOsm/kg of NaCl. TGF-b activity in culture
medium of NRK cells was measured by bioassay using mink lung epithelial
cells. Each bar is the mean of four independent experiments; error lines
are SD. *P , 0.01 versus 300 mOsm/kg.
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55°C and subjected to autoradiography. The radioactivity of the
hybridized probe was measured by computing densitometer (Im-
ageQuant; Molecular Dynamics, Sunnyvale, CA, USA).
[3H] proline and [3H] leucine incorporation
Normal rat kidney cells were placed onto 96-well plates at 5 3
104 cells/well and cultured in DMEM with 10% FCS. Twenty-four
hours after seeding, the cells were made quiescent by incubation
for 24 hours in DMEM with 0.5% FCS. After this time period,
some cells were switched to the hypertonic medium, while others
were maintained in isotonic medium. The cells were cultured for
an additional 24 hours and pulsed for the final five hours with
L-[2,3,4,5-3H] proline (1 mCi/well) or L-[4,5-3H] leucine (1 mCi/
well). The cells were then washed three times in ice-cold PBS and
precipitated twice in ice-cold 10% TCA. The precipitates were
redissolved in 500 ml of 0.5 N NaOH with 0.1% Triton X-100. The
radioactivity was measured by a scintillation counter.
To examine the effects of suppressing TGF-b activity on the
proline incorporation, anti-panspecific TGF-b neutralizing anti-
body (rabbit IgG fraction; R & D Systems) was added to the
hypertonic medium at a concentration of 20 to 200 mg/ml. [3H]
proline incorporation was measured after incubation for 24 hours
and compared to the incorporation obtained when normal rabbit
IgG was added at the same concentration.
Data analysis
Results are shown as means 6 SD. Data were statistically
analyzed by one-way analysis of variance. A level of P , 0.05 was
accepted as statistically significant.
RESULTS
Effects of hypertonicity on TGF-b activity and TGF-b mRNA
To determine whether hypertonicity would modulate TGF-b
activity, we measured TGF-b activity in the medium of NRK cells.
When the cells were grown to 80% confluency, the culture
medium was changed to isotonic or hypertonic medium. Medium
was made hypertonic (500 mOsm/kg) by the addition of NaCl.
Figure 1 shows the time course of mature TGF-b activity in the
culture medium. TGF-b increased progressively in isotonic me-
dium The magnitude of increase in isotonic medium was 4.9 6 4.1
pM in the first 12 hours, 10.2 6 2.8 pM in the next 12 hours, and
32.0 6 1.5 pM in the last 12 hours. The progressive increase in
TGF-b activity might be due to autocrine activation of secreted
TGF-b. As shown in Figure 1, hypertonicity significantly increased
TGF-b activity (P , 0.01 at every time point). The magnitude of
increase in hypertonic medium was 20.3 6 3.2 pM in the first 12
hours, 29.3 6 11.9 pM in the next 12 hours, and 30.6 6 8.1 pM in
the last 12 hours. There were no differences in the increase of
TGF-b between the hypertonic and isotonic media after 24 hours,
indicating that hypertonicity accelerated the increase in TGF-b
activity in the early phase (within 24 hr) after changing the
medium. Thus, we decided to perform the following experiments
within 24 hours.
To determine whether TGF-b activity would be increased as the
medium osmolality increased or whether there would be a thresh-
old of osmolality to induce the activity, we measured TGF-b
activity 12 hours after switching to medium of different osmolal-
ities (Fig. 2). The medium osmolality ranged from 300 to 500
mOsm/kg, which were made by the addition of 0 to 200 mOsm/kg
of NaCl. TGF-b activity was increased as the medium osmolality
increased to 500 mOsm/kg. At more than 400 mOsm/kg, the
increase was significant.
Figure 3A shows mature and total TGF-b activities in culture
media from isotonic and hypertonic NRK cells after 24 hours.
Hypertonicity significantly increased mature TGF-b activity, while
the total TGF-b (mature and latent) activity did not change
significantly. Figure 3B shows the mature TGF-b activity when
NRK cells were bathed in medium made hypertonic by various
solutes (NaCl, raffinose, glucose or mannitol). Raffinose was the
most effective at increasing TGF-b activity. Glucose and mannitol
also increased TGF-b activity. On the other hand, total TGF-b
activity did not change significantly after switching to hypertonic
medium made with any solute (data not shown).
To determine whether hypertonicity would increase TGF-b
mRNA abundance, we performed Northern blot analysis using
RNA isolated from isotonic and hypertonic NRK cells. As shown
in Figure 4, there was no significant difference in TGF-b mRNA
abundance between isotonic and hypertonic cells. Together with
the results of total activity of TGF-b, it was suggested that
Fig. 3. Activation of transforming growth
factor-b (TGF-b) by hypertonicity. TGF-b
activity in culture medium of normal rat kidney
(NRK) cells was measured by bioassay using
mink lung epithelial cells. NRK cells were
cultured for 24 hours in an isotonic medium or
in a medium made hypertonic (500 mOsm/kg)
by the addition of NaCl. (A) Mature TGF-b
activity and total TGF-b activity in culture
medium. For measurement of total TGF-b
activity, latent-TGF-b was activated by heating
at 80°C for 10 minutes. Closed columns indicate
mature TGF-b activity and hatched columns
show total TGF-b activity. Abbreviations are:
ISO, isotonic medium; HYP, hypertonic
medium. *P , 0.01 versus mature TGF-b in
isotonic medium. (B) Mature TGF-b activity
induced by medium made hypertonic by the
addition of various solutes. Each bar is the
mean of four independent experiments; error
lines are SD. *P , 0.01 versus ISO and **P ,
0.05 versus ISO.
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hypertonicity promoted the processing of latent TGF-b to the
active form without affecting the synthesis of TGF-b in NRK cells.
Effects of hypertonicity on [3H] proline incorporation
Since TGF-b stimulates the synthesis of matrix protein [15, 21,
28], we next examined whether hypertonicity would increase
collagen synthesis. [3H] proline incorporation into TCA-precipi-
table protein was used as a marker for collagen synthesis, because
proline is a major component of and is preferentially incorporated
into collagen [29]. Figure 5 shows the time course of [3H] proline
incorporation into NRK cells cultured in hypertonic medium.
Hypertonicity increased proline incorporation significantly, with
its peak at 24 hours. Thus, we performed the following experi-
ments at 24 hours after changing the medium. Figure 6 shows the
proline incorporation 24 hours after switching to medium with
different osmolalities. The proline incorporation was increased in
an osmolality-dependent manner (Fig. 6). Figure 7A shows the
proline incorporation in NRK cells cultured in medium made
hypertonic by the addition of various solutes. After incubation for
24 hours, raffinose increased proline incorporation by 2.5-fold,
while other solutes stimulated it by 1.8- to 2-fold. The pattern of
the increase by various solutes was similar to the increase in
mature TGF-b activity.
It is possible that hypertonicity increases the incorporation of
other amino acids. To examine this issue, we measured [3H]
leucine incorporation into isotonic and hypertonic NRK cells, as a
marker for total protein synthesis. As shown in Figure 7B,
hypertonicity did not increase leucine incorporation.
Fig. 4. Northern blot analysis of transforming growth factor-b (TGF-b)
mRNA expression. Total RNA was isolated from normal rat kidney
(NRK) cells cultured for 24 hours in isotonic medium or in hypertonic
medium (500 mOsm/kg). (A) Northern blot analysis was performed using
32P-labeled TGF-b cDNA. Abbreviations are: C, control (isotonic medi-
um); N, R, G, M, hypertonic medium made by the addition of NaCl (N),
raffinose (R), glucose (G) or mannitol (M). (B) The radioactivity of the
hybridized probe in hybridized membrane was measured by computing
densitometer. Results are mean 6 SD of four independent experiments.
Fig. 5. Time course of [3H] proline incorporation induced by hyperto-
nicity. At time 0, NRK cells cultured in isotonic medium (300 mOsm/kg)
were switched to hypertonic medium (500 mOsm/kg) made by the addition
of NaCl (n). Some cells were maintained in isotonic medium (c). The cells
were pulsed for the final five hours of each period with L-[2,3,4,5-3H]
proline (1 mCi/well). Results are mean 6 SD of four independent
experiments. *P , 0.01 versus isotonic cells.
Fig. 6. Osmolality-dependency in hypertonicity-induced [3H] proline in-
corporation. [3H] Proline incorporation was measured 24 hours after
switching to a different osmolality. The medium osmolality ranged from
300 to 500 mOsm/kg, which were made by the addition of 0 to 200
mOsm/kg of raffinose. The cells were pulsed for the final five hours with
L-[2,3,4,5-3H] proline (1 mCi/well). *P , 0.01 versus 300 mOsm/kg and
**P , 0.05 versus 300 mOsm/kg. Each bar is the mean of four indepen-
dent experiments; error lines are SD.
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Effects of anti-TGF-b antibody on collagen synthesis
To determine whether the activation of TGF-b by hypertonicity
was responsible for the stimulation of [3H] proline incorporation,
we investigated the response to treatment with anti-TGF-b neu-
tralizing antibody. [3H] Proline incorporation into hypertonic
NRK cells was measured in the absence or presence of various
concentrations of anti-TGF-b antibody. As shown in Figure 8,
anti-TGF-b antibody inhibited [3H] proline incorporation signif-
icantly, while normal rabbit IgG did not have any significant effect
on proline incorporation. The specificity of the anti-TGF-b anti-
body was confirmed by the observation that the growth-inhibitory
effect of TGF-b on mink lung epithelial cells was eliminated by
the antibody, but not by normal rabbit IgG (data not shown).
These results suggested that the increase in collagen synthesis was
mediated, at least in part, by activated TGF-b in an autocrine
manner, although the involvement of factors other than TGF-b
could not be denied since the effect of the antibody was partial.
DISCUSSION
Our results indicated that hypertonicity increased TGF-b activ-
ity without affecting the synthesis of TGF-b in NRK cells. The
mechanism of TGF-b activation is still uncertain. TGF-b is usually
secreted as a biologically inactive form (latent TGF-b). Latent
TGF-b is composed of mature TGF-b and latency-associated
peptide with or without latent TGF-b-binding protein. Mature
TGF-b (active form) is cleaved from latent TGF-b. In vitro, this
activation is accomplished either by chemical treatments such as
extremely low pH and heating or by proteolytic enzymes such as
plasmin, cathepsin D, furin and glycosidases [30–33]. More
recently, thrombospondin 1, a glycoprotein contained in ECM,
has been reported to activate TGF-b via a protease-independent
mechanism [34]. The proteolytic enzymes might participate in the
physiological activation of TGF-b. One plausible explanation for
the hypertonicity-induced activation of TGF-b is that hypertonic-
ity activates proteolytic enzymes such as plasmin. In fact, hyper-
tonicity increases the expression of tissue plasminogen activator
[6], which converts plasminogen to plasmin. The increased plas-
min could then promote the processing of latent TGF-b to the
active form.
We found that collagen synthesis, measured by proline incor-
poration, was increased by hypertonicity. Similar results for
proteoglycan synthesis are observed in the intervertebral disk
Fig. 7. Effects of hypertonicity on [3H] proline
and [3H] leucine incorporation. [3H] Proline
(A) and [3H] leucine (B) incorporation were
measured after 24 hours of incubation in
isotonic or hypertonic medium. Hypertonic
medium (500 mOsm/kg) was made by the
addition of various solutes (NaCl, raffinose,
glucose and mannitol). The cells were pulsed
for the final five hours with L-[2,3,4,5-3H]
proline (1 mCi/well) or L-[4,5-3H] leucine (1
mCi/well). Abbreviation is ISO, isotonic
medium. Each bar is the mean of four
independent experiments; error lines are SD.
*P , 0.01 versus control and **P , 0.05 versus
control.
Fig. 8. Effects of anti-TGF-b antibody on [3H]
proline incorporation [3H] Proline
incorporation was measured 24 hours after
switching to hypertonic medium. When
indicated, anti-TGF-b neutralizing antibody or
normal rabbit IgG was added to the hypertonic
medium.(500 mOsm/kg, made by the addition
of NaCl). Abbreviations are: ISO, isotonic
medium; HYP, hypertonic medium; HYP1Ab,
HYP1Ab100, HYP1Ab200, hypertonic
medium with 20, 100 or 200 mg/ml of anti-TGF-
b antibody, respectively; HYP1IgG, hypertonic
medium with 200 mg/ml rabbit IgG. Each bar is
the mean of 4 independent experiments; error
lines are SD. *P , 0.01 versus ISO, **P , 0.05
versus ISO and #P , 0.05 versus HYP.
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nucleus. Proteoglycan synthesis measured by [35S] sulfate incor-
poration into nucleus slices or cells is increased by extracellular
hyperosmolality [35]. Proteoglycan is a component of ECM and
its synthesis is increased by TGF-b [15]. Thus, hypertonicity-
induced TGF-b activation might increase the synthesis of collagen
as well as proteoglycan.
Although the hypertonicity-induced increase in proline incor-
poration was significantly inhibited by anti-TGF-b antibody, there
was a discrepancy in the time course between TGF-b and proline
incorporation. The proline incorporation was decreased after 24
hours despite the progressive increase in TGF-b activity, which
might be explained by down-regulation of TGF-b receptors.
TGF-b receptors are reported to be down-regulated by interac-
tion with matrix collagen in murine osteoblast-like MC3T3-E1
cells. The interaction of cell surface a2b1 integrin with matrix
collagen synthesized by osteoblasts themselves is involved in the
reduction in cell surface receptors [36]. Thus, interaction with
accumulated collagen could reduce TGF-b receptors in NRK
cells, resulting in attenuating TGF-b action.
Previous studies have shown that relatively low concentrations
of glucose (20 to 30 mM) increased matrix synthesis by promoting
the synthesis and activation of TGF-b in mesangial cells [29, 37].
These effects of relatively low glucose is supposed to be specific
for glucose and independent of osmolality. In contrast, we found
that high concentration of glucose (200 mM) activated TGF-b and
increased collagen synthesis. Since these effects were also ob-
served in cells cultured in hypertonic medium with other solutes,
it is probable that the activation of TGF-b and the increase in
collagen synthesis induced by high concentration of glucose were
due to an increase in osmolality.
Our main interest is the pathophysiological role of hypertonic-
ity-induced TGF-b activation. Mechanical stresses such as shear
and cyclic stretch induce cytokines and promote tissue fibrosis [22,
38]. These mechanical stresses may play an important role in the
progression of glomerulosclerosis [23, 24]. Little attention, how-
ever, has been paid to the tubulointerstitial lesion. The renal
medulla is the only tissue that normally is profoundly hypertonic
and the interstitium of the medulla undergoes large changes in
osmolality. On the other hand, TGF-b is reported to be a major
cause of tubulointerstitial lesion [21]. Therefore, it is possible that
hypertonicity-induced TGF-b activation may play a role in med-
ullary interstitial nephritis.
In summary, we found that hypertonicity activated TGF-b in
NRK cells. The cells produced TGF-b mostly in the latent form,
and hypertonicity promoted the cleavage of mature TGF-b from
latent TGF-b. Hypertonicity increased collagen synthesis in NRK
cells. The induction of collagen synthesis was mediated, at least in
part, by the activated TGF-b, since anti-TGF-b antibody pre-
vented the increase in collagen synthesis. The significance of
hypertonic stress in tubulointerstitial injury is clearly an area that
requires further research.
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